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Although our understanding of adult neurogenesis has increased dramatically over the last decade, confusion still exists regarding both
the identity of the stem cell responsible for neuron production and the mechanisms that regulate its activity. Here we show, using flow
cytometry, that a small population of cells (0.3%) within the stem cell niche of the rat subventricular zone (SVZ) expresses the p75
neurotrophin receptor (p75NTR) and that these cells are responsible forneuronproduction inbothnewbornandadult animals. In theadult, the
p75NTR-positive population contains all of the neurosphere-producing precursor cells, whereas in the newbornmany of the precursor cells are
p75NTR negative. However, at both ages, only the neurospheres derived from p75NTR-positive cells are neurogenic. We also show that neuron
production from p75NTR-positive but not p75NTR-negative precursors is greatly enhanced after treatment with brain-derived neurotrophic
factor (BDNF) or nerve growth factor. This effect appears to bemediated specifically by p75NTR, because precursor cells fromp75NTR-deficient
mice show a 70% reduction in their neurogenic potential in vitro and fail to respond to BDNF treatment. Furthermore, adult p75NTR-deficient
mice have significantly reduced numbers of PSA-NCAM (polysialylated neural cell adhesionmolecule)-positive SVZ neuroblasts in vivo and a
lower olfactory bulb weight. Thus, p75NTR defines a discrete population of highly proliferative SVZ precursor cells that are able to respond to
neurotrophin activation by increasing neuroblast generation,making this pathway themost likelymechanism for the increased neurogenesis
that accompanies raisedBDNF levels in a variety of disease and behavioral situations.
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Introduction
Mounting evidence suggests that postnatal neurogenesis is
strongly influenced by environment (Kempermann et al., 1998;
Gould et al., 2000), behavior (van Praag et al., 1999; Farmer et al.,
2004), and conditions such as Alzheimer’s disease, Huntington’s
disease, depression, seizure, and stroke (Kempermann, 2002;
Curtis et al., 2003; Felling and Levison, 2003; Jin et al., 2004;
Zhang et al., 2004; Hagihara et al., 2005). One of the more widely
studied regions, which contains stem cells that respond to exter-
nal stimuli by producing neurons, is the subventricular zone
(SVZ) (Rochefort et al., 2002). However, a lack of knowledge
about the growth factor receptor repertoire of the stem cells has
hampered research linking external neurogenic stimuli with their
molecular mediators.
In a previous study, we performed a genemicroarray screen of
SVZ stem cells isolated using a negative selection criterion (Rietze
et al., 2001). This analysis revealed expression of the pan-
neurotrophin receptor p75 (p75NTR) in the stem cell population.
p75NTR is best known for its role in modulating postmitotic neu-
ral cell survival decisions (Coulson et al., 1999; Dechant and
Barde, 2002; Roux and Barker, 2002). It is highly expressed dur-
ing development of the nervous system but is downregulated
postnatally in most brain areas. However, some cells in the SVZ,
which appear to be immature and mitotically active (Giuliani et
al., 2004), continue to express significant levels of p75NTR
throughout adulthood (Yan and Johnson, 1989; Calza et al.,
1998; Giuliani et al., 2004). Although p75NTR-mediated signals
have been shown to regulate proliferation and differentiation of
neural and non-neural cells in vitro (Cattaneo and McKay, 1990;
Seidl et al., 1998; Chittka and Chao, 1999), and p75NTR expres-
sion in the SVZ can increase during periods of in vivo adult stem
cell activity (Calza et al., 1998), the function of these SVZ cells and
the role that p75NTR plays in their regulation has not been
reported.
One ligand for p75NTR, brain-derived neurotrophic factor
(BDNF), is also upregulated in response to a wide variety of neu-
rogenic stimuli and has been linked with increased neuron gen-
eration and neuroblast migration from the SVZ to the striatum
(Pencea et al., 2001; Chmielnicki et al., 2004) and olfactory bulb
(Zigova et al., 1998; Benraiss et al., 2001). Although BDNF-
stimulated neurogenesis has been implicated in the positive neu-
rogenic effects of antidepressant drugs (Kempermann, 2002;
Hashimoto et al., 2004), dietary restriction (Lee et al., 2002) and
exercise (Adlard andCotman, 2004;Garza et al., 2004), themech-
anism of this regulation remains elusive.
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Based on the above lines of evidence, we hypothesized that
p75NTR-positive cells in the SVZ might be BDNF-responsive,
neurogenic precursor cells. We report here that p75NTR defines a
population of neurosphere-forming precursor cells that persists
in the SVZ from birth into adulthood. Furthermore, we demon-
strate that p75NTR-positive precursors are neurogenic both in
vitro and in vivo and that this neurogenesis is stimulated by
neurotrophins.
Materials andMethods
Animals.All experiments were conducted in accordance with the Austra-
lian Code of Practice for the Care and Use of Animals for Scientific
Purposes and with ethics approval from the Animal Ethics Committees
of the Royal Melbourne Hospital and The University of Queensland.
Postnatal day 2 (P2) and adult (P100) Wistar rats were used through-
out. p75NTR/ and p75NTR/ mice were derived from intercrossing
heterozygous p75NTR exon III-deficient parents (Lee et al., 1992) that
had been backcrossed for 10 generations to C57BL/6 animals. Mice
were genotyped as described previously (Yeo et al., 1997).
Neurosphere culture.Neurosphereswere generated as ameans of quan-
tifying and retrospectively identifying neural stem cells. These cultures
were generated by harvesting and dissociating the SVZ into a single-cell
suspension and culturing the cells in proliferative neurosphere medium
that contained epidermal growth factor (EGF; BD Biosciences, Sydney,
Australia) and basic fibroblast growth factor (bFGF; Roche, Basel, Swit-
zerland), as described previously (Rietze et al., 2001). Rat cultures were
supplementedwith 2% (v/v) bovine serum albumin (BSA; Roche). These
primary cells were plated into tissue culture plates at a density not ex-
ceeding 3500 cells/cm2. At maturity (120 m in diameter), neuro-
spheres that had been plated at a density of 1 cell per well, confirmed by
light microscopy 4 h after plating, were enzymatically dissociated to ex-
amine the stem cell characteristic of self-renewal. Dissociated cells were
reseeded at a density not exceeding 10,000 cells/cm2. Alternatively, neu-
rospheres were differentiated to examine the characteristic of multipo-
tentiality. Whole clonally derived and equivalently sized neurospheres
were transferred onto poly-ornithine-coated glass coverslips inmitogen-
free medium containing 1% fetal bovine serum (FBS). The generation of
neurons was assessed after differentiation for either 2 (postnatal) or 4
(adult) d. Neurosphere cells were allowed to differentiate for up to 7 d for
quantification of oligodendrocytes. The statistical significance of differ-
ences in the numbers of differentiated cell types between genotypes was
determined by t tests.
Fluorescence-activated cell sorting. Fluorescence-activated cell sorting
(FACS) purification of p75NTR-positive cells from the P2 and adult rat
SVZ was performed to determine the identity of these cells. Tissue from
five to eight P2 animals was pooled, and the cell suspension was incu-
bated with mouse anti-rat p75NTR (1:1000; Millipore, Melbourne, Aus-
tralia) on ice for 45 min and then washed with mouse tonicity PBS
containing 1%FBS. Anti-p75NTR binding was detected with biotinylated
anti-mouse IgG (1:200; Vector Laboratories, Sydney, Australia) and phy-
coerythrin (PE)-conjugated streptavidin (1:200; BD Biosciences). Before
sorting, the cells were passed through a 40 m cell strainer and rinsed
with PBS containing 0.5 g/ml propidium iodide to identify dead cells.
Cells were sorted on a FACSVantage (BD Biosciences) with DIVA soft-
ware. The sort profile was divided into p75NTR-high, p75NTR-mid, and
p75NTR-negative cells based on the fluorescence of p75NTR-positive
PC12 cells, SVZ cells stained without anti-rat p75NTR, and unstained
SVZ cells, respectively. The three populations were collected into prolif-
erative medium containing EGF, bFGF, and 0, 30, or 100 ng/ml BDNF
(Cytolab, Rehovot, Israel). Cells were plated into 96-well tissue culture
plates in dilutions from 200 down to 1 cell per well (confirmed by count-
ing 4 or 24 h after plating as indicated). After 5–7 d in culture, neuro-
sphere formation was used as a read-out for proliferative activity and
differences analyzed by ANOVA. Plating cell density did not influence
the frequency of neurosphere formation.
Flow cytometric analysis was also performed to determine the number
of polysialylated neural cell adhesion molecule (PSA-NCAM)-positive
cells within the SVZ of individual adult p75NTR/ and p75NTR/
mice. The SVZ was dissociated as described previously for neurosphere
cultures. The resultant single-cell suspension was stained with anti-PSA-
NCAM (1:500; Millipore), detected with Alexa 633 goat anti-mouse IgM
(1:700; Invitrogen, San Diego, CA), and counterstained with the cell
viability dye 7-AAD (Invitrogen). Stained cell suspensions were then
analyzed by flow cytometry to determine the number of PSA-NCAM-
positive cells per 100,000 events. The average number of positive events
in p75NTR/ suspensions was determined as a percentage of the average
number of p75NTR/-positive events for each experiment (n  4 ex-
periments, with 2–4 animals per genotype per experiment). The differ-
ence was then compared by t test.
Immunohistochemistry. To evaluate the expression of p75NTR in the
SVZ, brains from P2 and adult rats were prepared for immunohisto-
chemistry by perfusion fixation with 4% paraformaldehyde (PFA) in
PBS. Brains were removed and immersed overnight in fresh 4% PFA at
4°C, followed by an additional 24 h in 20% sucrose. All brains were OCT
(optimal cutting temperature) compound embedded and either cryosec-
tioned to 10m coronal sections and collected onto permafrost slides or
cryosectioned to 30 m coronal sections and collected into PBS to stain
as floating sections for confocal analysis.
For all immunostaining, antibodies were diluted in blocking solution
[PBS, 2% normal goat serum (NGS), and 2% FBS], with 0.1% Triton
X-100 when permeabilization was required. The following antisera were
used: mouse monoclonal anti-extracellular p75NTR antibody (1:1000;
clone IgG192; Millipore); rabbit polyclonal anti-intracellular p75NTR (1:
200; Promega, Sydney, Australia); mouse anti--III-tubulin (1:200; Pro-
mega); mouse anti-NeuN (1:500; Millipore); mouse anti-S100 (1:500;
Sigma, Sydney, Australia); guinea pig anti-Sox10 (1:2000; kindly gifted
by Dr. Michael Wegner, Institute fu¨r Biochemie, Friedrich-Alexander
Universita¨t Erlangen-Nu¨rnberg, Erlangen, Germany); mouse anti-PSA-
NCAM (1:500; Millipore); guinea-pig anti-doublecortin (1:3000; Milli-
pore); rabbit anti-glial fibrillary acidic protein (GFAP; 1:500; DakoCyto-
mation, Carpinteria, CA); mouse anti-nestin IgG1 (1:10; Millipore);
mouse anti-bovine O4 IgM (1:32; American Type Culture Collection,
Manassas, VA); AlexaFluor 488-conjugated goat anti-mouse IgG (1:700;
Invitrogen); AlexaFluor 488-conjugated goat anti-rabbit IgG (1:1000;
Invitrogen); biotinylated anti-mouse IgG (1:200; Vector Laboratories);
AlexaFluor 488-conjugated goat anti-mouse IgM (1:700; Invitrogen);
AlexaFluor 568-conjugated goat anti-mouse IgM (1:1000; Invitro-
gen); AlexaFluor 568-conjugated goat anti-mouse IgG1 (1:700; Invitro-
gen); AMCA (7-amino-4-methylcoumarin-3-acetic acid)-conjugated
goat-anti rabbit IgG (1:200; Jackson ImmunoResearch,WestGrove, PA);
cyanine 3 (CY3)-conjugated goat anti-guinea pig IgG (1:500; Millipore);
and 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) nuclear
stain (1:1000; DakoCytomation). Sections that had been treated with
biotinylated anti-mouse IgG were also incubated with PE-conjugated
streptavidin (1:200; BD Biosciences). All sections were coverslipped with
fluoromount (DakoCytomation). Equivalent sections/cells were incu-
bated without the primary antibody as negative controls.
Immunostaining of whole-mount adult SVZ. To examine the effect of
p75NTR on adult neurogenesis in vivo, the number of PSA-NCAM-
positive neuroblasts was examined in whole-mount preparations of the
lateral wall of the lateral ventricle of p75NTR/ and p75NTR/ mice.
Staining was performed as described by Merson et al. (2006). Briefly,
mice were perfused with ice-cold saline, and the lateral walls of the lateral
ventricles were dissected bilaterally before fixing with 3% PFA, washing
with 0.1 M Tris-buffered saline (TBS; pH 7.5), and immersing for 30 min
in20°C methanol, followed by acetone. Preparations were rinsed with
TBS/0.5% Triton X-100 (TBST) and blocked with 10% NGS/TBST be-
fore staining with anti-PSA-NCAM (1:500; Millipore) followed by bio-
tinylated goat anti-mouse IgM (1:200; Vector Laboratories). Endoge-
nous peroxidase activitywas quenchedwith 0.3%H2O2 inmethanol, and
staining was visualized with horseradish peroxidase (Vectastain Elite
ABC Kit; Vector Laboratories) and 33-diaminobenzidine tetrahydro-
chloride (Pierce, Rockford, IL). Photomicrographs were taken on a low-
magnification stereomicroscope, and the number of black pixels per
trace was quantified using ImageJ software (http://rsb.info.nih.gov/ij/),
without concurrent knowledge of genotype. The difference in the num-
ber of pixels between genotypes was compared by t test.
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Olfactory bulb analysis. Brains from p75NTR/ and p75NTR/mice
at P2 (n 7), 7 weeks (n 5), or 10months (n 8) of age were dissected
and weighed to determine total brain weight. The olfactory bulbs were
subsequently dissected and weighed separately. Comparisons of individ-
ual olfactory bulb weights were made between age and genotype by
ANOVA.
PCR. Total RNA was generated from sorted cell populations using the
Absolutely RNA Nanoprep kit (Stratagene, Sydney, Australia). RNA for
control samples was generated from PC12 cells (American Type Culture
Collection) and P2 rat brainstem using the RNeasy kit (Invitrogen, Mel-
bourne, Australia) according to the manufacturer’s instructions. The
cDNA was synthesized using Superscript III reverse transcriptase (In-
vitrogen), following the method outlined by the manufacturer. Two mi-
croliters of the resulting cDNA were used directly in the PCR.
Primer sequences specific to individual members of the neurotrophin
receptor family were designed from published database sequences to be
homologous for both rat and mouse. Quantitative PCR (qPCR) was
performed in a 20 l reaction mix using platinum SYBR Green qPCR
Supermix UDG (Invitrogen), in triplicate, as per the manufacturer’s in-
structions. The PCR program was 50°C for 2 min and 94°C for 2 min,
followed by 40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. To
ensure that amplified products were the correct size and reflected the
data generated by the Rotor Gene 3000 Q-PCR machine (Corbett Re-
search, Sydney, Australia), products were run on a 2% agarose gel (Qia-
gen, Melbourne, Australia) containing ethidium bromide. All gene am-
plification was standardized to 18S controls, and “no-reverse
transcriptase reaction” controls were also examined for 18S mRNA ex-
pression. Gene expression was quantified as fold differences. PC12 cell
cDNA was used as a positive control for both p75NTR and tropomyosin-
related kinase A (trkA) primers, whereas P2 rat brainstem cDNA was
used to ensure correct amplification of trkB and trkC products.
Results
p75NTR expression identifies a restricted population of cells in
the SVZ of neonatal and adult rats
After the detection of p75NTR mRNA expression in a purified
adult mouse SVZ stem cell population (Rietze et al., 2001) by
gene microarray and reverse transcription-PCR (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material),
we examined p75NTR expression in the SVZ of adult and early
postnatal (P2) rats by immunostaining coronal brain sections
using anti-p75NTR antibodies.
In the adult rat forebrain, p75NTR expression was restricted to
the basal forebrain (data not shown) and the lateral wall and
dorsolateral corner of the SVZ (Fig. 1a). At P2, in addition to the
p75NTR immunostaining observed in the cortical subplate, a dis-
crete population of p75NTR-positive cells was present within the
SVZ. The expression pattern was similar to that observed in
the adult, with p75NTR-positive cells again observed primarily in
the dorsolateral corner of the SVZ (Fig. 1b,c). All cells that were
immunopositive for the expression of extracellular p75NTR (Fig.
1b) coexpressed the intracellular domain of p75NTR (Fig. 1c).
Without permeabilization, clearly punctate cell-surface receptor
staining could be observed on a small proportion of SVZ cells
after dissociation (Fig. 2c). To further immunocharacterize the
p75NTR-positive cells, sections of adult SVZ were costained for a
variety of antigens associated with known SVZ cell types. The
majority of the p75NTR-positive cells did not express detectable
levels of GFAP (astrocytes) (Fig. 1a,d), S100 (neuroglia) (Fig.
1e), Sox10 (oligodendrocyte lineage) (Fig. 1f), doublecortin (im-
mature neuroblasts) (Fig. 1g), PSA-NCAM (neuroblasts) (Fig.
1h), or NeuN (neurons) (Fig. 1i), but did comprise a discrete
nestin-positive (neural precursor) (Fig. 1j) population, amid the
other cell populations. Although cells expressing a high level of
p75NTR never coexpressed the immature neuroblastmarker dou-
blecortin (Fig. 1h), there were occasional cells expressing a low
level of p75NTR protein that coexpressed a low level of doublecor-
tin or PSA-NCAM (Fig. 1h, inset), whereas others occasionally
coexpressedGFAP (Fig. 1e). All p75NTR-positive cells occurred in
subependymal clusters, and a few contained processes that could
be seen extending to contact the ventricle (Fig. 1a, inset). At both
ages examined, we estimated that p75NTR-positive cells ac-
counted for1% of the total number of cells in the SVZ. These
coexpression studies indicate that p75NTR is expressed by SVZ
precursor cells.
To quantify the number of p75NTR-positive cells more accu-
rately, freshly dissociated SVZwas immunostained with amono-
clonal anti-extracellular p75NTR antibody and assessed by flow
cytometry. Three populations of cells were sorted based on their
fluorescence intensity: p75NTR-high, p75NTR-mid, and p75NTR-
negative (Fig. 2a,b). Consistent with the small proportion of
p75NTR-immunopositive cells detected in sections, 0.3% of
adult (0.33  0.2%; mean  SD; n  3 experiments) and P2
(0.29 0.05%; mean SD; n 6 experiments) SVZ cells were
deemed p75NTR positive by flow cytometry. The p75NTR-high
cells (Fig. 2c,d) had an endogenous level of p75NTR expression
equivalent to that of PC12 cells (Barrett and Georgiou, 1996),
whereas the p75NTR-negative cells (Fig. 2e,f) displayed negligible
fluorescence, equivalent to that of unstained cells.
After separating the p75NTR-high, -mid, and -negative cells
from the P2 rat SVZ, the level of p75NTR mRNA expression was
assessed by quantitative PCR and was found to directly mirror
p75NTR protein levels: p75NTR mRNA was most strongly ex-
pressed in the p75NTR-high cell population, with fourfold less
mRNA present in p75NTR-mid cells and negligible expression
levels in p75NTR-negative cells (Fig. 2g).
p75NTR-expressing cells exhibit stem cell characteristics
To phenotypically characterize the p75NTR-positive SVZ cells,
purified p75NTR-high, -mid, and -negative cells from the adult
and postnatal SVZ were cultured clonally in neurosphere-
generating conditions to examine their proliferative potential.
Remarkably, in the adult SVZ, all of the neurosphere-forming
cells were p75NTR positive, with 81.4  16.5% of the p75NTR-
positive cells generating neurospheres by day 7 in vitro (mean
SD;n 3 experiments; t0 24 h). Although 61.82 15.5%of the
p75NTR-negative cells survived the week in culture, and many
had the morphology of differentiated cell types, all failed to gen-
erate neurospheres (mean SD; n 3 experiments).
The highest frequency of neurosphere formation from the P2
SVZ was also found in the p75NTR-high population. When cells
were seeded at a density of one cell per well into 96-well plates,
approximately one-half of the p75NTR-high cells proliferated to
form neurospheres (Fig. 3a). An additional 10.33  6.02% sur-
vived the week in culture, although 42.88 6.88% (mean SD;
n  2 experiments) of plated cells died within the first 30 h of
sorting and plating. Therefore, 80% of p75NTR-high cells sur-
viving their first day in culture proliferated to generate a neuro-
sphere. In contrast, 10% of the p75NTR-negative cells formed
neurospheres under equivalent culture conditions (Fig. 3a).
These data indicate that, unlike in the adult, in which all pro-
liferating cells express p75NTR, the postnatal SVZ contains two
distinct proliferative populations. Despite the cells being pheno-
typically different with respect to their cell-surface p75NTR ex-
pression, clonally plated cells that were able to proliferate from
the p75NTR-high, -mid, and -negative populations did so to the
same extent, generating neurospheres that were of an equivalent
average size (Table 1) and that appeared morphologically similar
(bulk culture examples) (Fig. 3b,c). Furthermore, bulk and
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Figure 1. A restricted population of cells in the SVZ express p75 NTR.a, Compressed confocal stack showing a coronal section of an adult rat brain stainedwith anti-intracellular p75 NTR (Promega;
green) and anti-GFAP-CY3 (Sigma; red). A higher-magnification single confocal scan is inset anddepicts a single colabeled cellwith a process that extends to contact the ventricle. The photographed
region is illustrated in the inset schematic of the coronal brain section. b, c, The dorsolateral corner of the SVZ of early postnatal (P2) rat brain also contained p75 NTR-immunoreactive cells [same
section stained with both MC192 (b, red) and anti-intracellular p75NTR (c, green)]. A higher-magnification image of the colabeled cells is inset. p75 NTR-positive cells (Promega; green) in the adult
rat SVZwere examined for colocalizationwith GFAP (d, red), S100 (e, red), Sox10 (f, red), doublecortin (Dcx;g, red), PSA-NCAM (P-CAM;h, red), NeuN (i, red), and nestin (j, red) in 30msections,
analyzed by confocal microscopy (single confocal scans shown). Sections were counterstainedwith the nuclear dye DAPI (blue), and the lateral ventricle (LV) is indicated by asterisks. Yellow arrows
indicate colocalization events for the sets of markers illustrated. Scale bars, 50m.
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clonally derived neurospheres grown from p75NTR-high and
p75NTR-negative cells could be passaged, with an equivalent pro-
portion of cells consistently generating secondary neurospheres
(p75NTR-high, 14.7  4.6%; p75NTR negative, 17.3  4.6%;
mean  SD; n  3 experiments; p  0.05). Serial passaging of
these cultures (3 times) indicated that cells within both popu-
lations could self-renew. Thus, in terms of proliferation and self-
renewal, there were no obvious differences between the neuro-
spheres derived from p75NTR-high and p75NTR-negative cells,
suggesting that p75NTR signaling was not influencing these two
characteristic stem cell processes.
Neurotrophins promote neurogenesis exclusively in the
p75NTR-positive cell population
Because BDNF signaling has been repeatedly linked with neuro-
genesis, we investigated the possibility that neurotrophin treat-
ment of the p75NTR-positive cells would stimulate the generation
of neurogenic progeny. To assess the effects of BDNF and p75NTR
on neurogenesis, p75NTR-high, -mid, and -negative cells were
sorted from the P2 SVZ and again cultured, this time in the
presence or absence of exogenous BDNF. BDNF was found to
have no effect on the frequency of primary neurosphere produc-
tion, neurosphere size (Table 1), or secondary neurosphere gen-
eration (p75NTR-high, 14.7  4.6%; p75NTR-high plus BDNF,
15.4 3.7%;mean SD; n 3 experiments; p 0.05). Primary
neurospheres were also transferred into differentiating condi-
tions lacking mitogens or exogenous neurotrophins for an addi-
tional 2 d to allow neuron detection by -III-tubulin immuno-
cytochemistry. In the differentiated cultures, we observed that,
even when grown in the absence of BDNF,60% of the neuro-
spheres derived from p75NTR-positive cells contained -III-
tubulin-expressing neurons, compared with20% of those gen-
erated from the p75NTR-negative cells (Fig. 4a). The addition of
BDNF enhanced this effect, increasing the number of neurons
generated by each p75NTR-high cell in a dose-dependent manner
(Fig. 4b–e). However, even at the highest concentration tested
(100 ng/ml), BDNF had no effect on the p75NTR-negative popu-
lation, resulting in2% of the number of neurons produced by
p75NTR-high cells (Fig. 4b). Cells within the p75NTR-mid popu-
lation were able to respond to BDNF treatment, but the magni-
tude of the response was well below that observed in the p75NTR-
high population.
The majority of neurospheres generated from p75NTR-high
(Fig. 4c) cells and some of the p75NTR-negative neurospheres
(Fig. 4d) contained GFAP-positive astrocytes, O4-positive oligo-
dendrocytes, and -III-tubulin-positive neurons, indicative of
the third stem cell characteristic of multipotentiality. However,
under basal conditions, the vast majority of p75NTR-negative
neurospheres (80%) consisted primarily of GFAP-positive
cells. The addition of BDNF to p75NTR-positive cells increased
the incidence of neurospheres containing -III-tubulin-positive
neurons (Fig. 4a), to the extent that all of the neurospheres de-
rived from p75NTR-high cells contained neurons. Furthermore,
the number of neurons within individual neurospheres derived
from p75NTR-positive cells also significantly increased (Fig. 4b).
However, the number of astrocytes or oligodendrocytes per
Figure 2. Purification of p75 NTR-positive cells from rat SVZ. a, b, Freshly isolated and dissociated P2 (a) and adult (b) rat SVZ cells were immunostained with the mouse anti-rat extracellular
p75 NTR antibody (Millipore) and sorted by flow cytometry into three populations, as shown in the representative profiles. p75 NTR-high, -mid, and -negative cell regions are indicated by the red,
green, and blue boxes, respectively. Collected cells were either plated into neurosphere-generating conditions, usually at a clonal density, or snap frozen for RNA analysis. c, d, Approximately 0.3%
of SVZ cells were of equivalent intensity to PC12 cells (positive control) and were considered highly immunopositive (fluorescence, c; phase, d). Five percent of cells were in the p75 NTR-mid
population andwere of equivalent intensity to cells incubatedwith secondary antibody alone. e, f, Themajority of cells (93%)were immunonegative for p75 NTR expression (fluorescence, e; phase,
f ). g, Neurotrophin receptormRNA expression by quantitative PCR for each sorted population, standardized to 18S amplification, and expressed as relative fold differences. p75 NTRmRNAwasmost
highly expressed in the sorted p75 NTR-high cells, with p75 NTRmRNA also detected in the p75 NTR-mid cells. Sorted p75 NTR-negative cells did not contain detectable levels of p75 NTRmRNA. Primers
for trkA, trkB, or trkC mRNA failed to amplify mRNA from p75 NTR-high cells. There was a small but significant amplification of trkB mRNA and robust full-length (shown) and truncated trkC mRNA
amplification from sorted p75 NTR-negative cells. *p 0.05; **p 0.01; mean SD; n 3 experiments.
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neurosphere did not change, suggesting that the increased neu-
rogenesis was not a result of lineage switching.
It appeared that BDNFwas acting directly on the proliferating
p75NTR-positive cells, because, to promote neurogenesis, it had
to be added to the primary sorted cells. The addition of BDNF to
mature p75NTR-high, -mid, and -negative neurospheres solely
during their 2 d differentiation period increased neurite out-
growth in all neurospheres, regardless of p75NTR expression,
without influencing neuron number (data not shown). Consis-
tent with this finding, we found p75NTR expression to be signifi-
cantly downregulated under culture conditions (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
Therefore, BDNF appears to regulate neuron number by acting
on p75NTR-positive precursors during the proliferative phase of
neurosphere growth, but it may also affect the phenotype of
newly born neurons by other p75NTR-independent pathways.
To determine whether BDNF was signaling either through
p75NTR alone or in conjunctionwith trkB, the expression of other
neurotrophin receptors was assessed for each sorted population.
Trk receptor mRNAs (including both catalytic and noncatalytic
forms of trkB and trkC) were not amplified from cDNA gener-
ated from the p75NTR-high or p75NTR-mid cells (Fig. 1g), despite
amplification from PC12 cells (trkA) and brainstem (trkB and
trkC) (data not shown). However, a small but significant amount
of trkB and both forms of trkC receptor mRNA were amplified
from the p75NTR-negative population (Fig. 1g). These data sug-
gested that BDNF was unlikely to be promoting neuron genera-
tion by p75NTR-positive cells through a p75NTR/trkB
heterodimer.
Although high levels of trk receptor mRNA were not detected
in freshly sorted p75NTR-high cells, trkB and trkC but not trkA
mRNA was detected in cultured neurospheres (data not shown).
Therefore, it was possible that BDNF could have driven neuro-
genesis in vitro by affecting trkB-expressing cells generated after
the initial cell division. Because trkA was never present, we
treated purified p75NTR-high cells with 100 ng/ml nerve growth
factor (NGF) to determine whether this could also stimulate
p75NTR-mediated neurogenesis independent of trk signaling. Al-
though not as potent as BDNF, NGF was able to stimulate neu-
rogenesis, causing a 2.02  0.12-fold increase in the number of
neurons generated by each neurosphere (mean  SD; n  3
experiments). Because BDNF and NGF are both able to promote
neurogenesis, and p75NTR is the common receptor for both neu-
rotrophins, it seemed most likely that p75NTR alone was neces-
sary to signal neuronal commitment in the purified cells.
p75NTR signaling promotes neuroblast formation in the
adult SVZ
Although our previous data provided strong support for BDNF
signaling through p75NTR being sufficient to promote neurogen-
esis without trk receptor coactivation,we investigated this further
by analyzing BDNF responsiveness and neurogenesis in
p75NTR/ and p75NTR/mice.
First, neurospheres were generated fromnewborn p75NTR/
mice. These were then differentiated, revealing that both
p75NTR/ (Fig. 5a) and p75NTR/ (Fig. 5b) neurosphere cul-
tures contained neurons, oligodendrocytes, and astrocytes and a
similar total number of cells per size-matched neurosphere
(DAPI-positive cells for p75NTR/, 408.75 46.25; p75NTR/,
426.25  88.75; p  0.05). Strikingly, neurospheres generated
from P2 p75NTR/ mice contained 75% fewer neurons than
neurospheres generated from p75NTR/ littermates
(p75NTR/, 5.3  0.9%; p75NTR/, 1.3  0.3%; p  0.01;
mean  SD; n  3 experiments). A similar distinction was ob-
served between p75NTR/ and p75NTR/ adult cultures (data
not shown). Quantification of the number of oligodendrocytes
and astrocytes showed no significant change in either population.
To determine whether BDNF was acting directly via p75NTR
to promote neurogenesis, dissociated adult p75NTR/ and
p75NTR/ SVZ cells were treatedwith the neurotrophin, and the
number of neurons within the resulting neurospheres was deter-
mined after differentiation. Treatment with 30 ng/ml BDNF re-
sulted in an 80% increase ( p  0.01) in the number of -III-
tubulin-positive neurons contained within p75NTR/
neurospheres compared with untreated p75NTR/ neuro-
spheres. No significant change in neuronal number was seen in
size-matched p75NTR/ neurospheres with or without BDNF
treatment, further indicating that p75NTR is both necessary and
sufficient to transduce the proneurogenic signal of BDNF.
That p75NTR signaling was shown to have such a significant
effect on neurogenesis in vitro suggested that the absence of
p75NTR would disrupt neurotrophin-regulated neurogenesis in
vivo. We therefore examined the effect of p75NTR deficiency on
neuroblast production. The level of PSA-NCAM immunoreac-
Figure 3. SVZ p75 NTR-positive cells generate neurospheres. a, Freshly isolated and dissoci-
ated P2 rat SVZ cells were sorted by flow cytometry based on their level of p75 NTR expression.
Collected cellswere subsequently cultured at a density of one cell perwell inmitogenicmedium
(clonal density confirmed by light microscopy 4 h after plating). Neurosphere formation was
assessed after 1 week and expressed as a percentage of the number of cells counted at 4 h after
plating. p75 NTR expression enriched for cells that generated neurospheres (**p 0.0001). The
majority of p75 NTR-high cells that did not form neurospheres underwent cell death, when all
cells were accounted for 7 d after plating (mean SD; n 5 experiments). b, c, Photomicro-
graphs of high-density cultures seeded from an equivalent numbers of P2 SVZ p75 NTR-high (b)
or p75 NTR-negative (c) cells clearly demonstrate the difference in frequency of neurosphere
formation between these two populations but the similarity of morphology of the resulting
neurospheres in each culture.
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tivity within the SVZ was used as a reflec-
tion of neuroblast numbers to allow com-
parisons to be drawn between adult
p75NTR/ and p75NTR/ mice.
p75NTR/ animals had a 25% reduction
in the pixel density of PSA-NCAM label-
ing along the extent of the lateral wall of
the lateral ventricle when compared with
p75NTR/ mice (p75NTR/, 78,080 
3842; p75NTR/, 58,850 4625;mean
SD; n  6; p  0.05) (Fig. 5c,d). Further-
more, when examined by flow cytometry,
the number of PSA-NCAM-positive cells
in the dorsolateral corner of the lateral
ventricle of adult p75NTR/ mice was
55.85  10.42% (mean  SEM; n  4
experiments; p  0.01) of that found in
p75NTR/ mice. This suggests that
p75NTR signaling may be responsible for
half of the neurogenesis that occurs under
normal physiological circumstances.
Because the SVZ, via the rostral migra-
tory stream, provides new neurons to the
adult olfactory bulb, a reduction in adult
SVZ neurogenesis should result in a re-
duction in the growth of the olfactory
bulb. The olfactory bulbs of p75NTR/
mice were smaller than those of wild-type
mice and weighed 15–30% less than those
of p75NTR/ controls at all ages exam-
ined (P2, 7 weeks, and 10 months of age)
(Fig. 5e), even when corrected for differ-
ences in brain weight. These data support
a physiological function for p75NTR in the
ongoing generation of SVZ neuroblasts destined for the olfactory
bulb.
Discussion
Our results demonstrate that p75NTR expression defines a popu-
lation of stem or precursor cells in the SVZ that persists from
development to adulthood and is able to respond to neurotro-
phin stimulation and promote the generation of daughter neu-
roblasts and neurons both in vitro and in vivo.
Approximately 0.3% of cells in the rat SVZ express p75NTR
throughout postnatal life, a proportion that corresponds to the
number of neurosphere-forming (both stem and progenitor)
cells reported to exist in the adult SVZ (Weiss et al., 1996; Rietze
et al., 2001). We found that the majority of p75NTR-expressing
cells purified from the SVZ of both newborn and adult rats were
capable of forming a neurosphere, and many p75NTR-positive
cells also exhibited the other stem cell characteristics of self-
renewal and multipotentiality (Reynolds andWeiss, 1992; Reyn-
olds et al., 1992; Richards et al., 1992; Doetsch et al., 1999, 2002;
Rietze et al., 2001). However, because p75NTR-positive cells ac-
counted for all of the neurosphere-forming cells in the adult SVZ,
this population probably contains both stem and progenitor
cells.
Histological analyses revealed that the majority of p75NTR-
positive cells were spherical subependymal cells that were found
in close proximity to neuroblasts. These cells expressed nestin but
not detectable levels of mature neural or neuroblast markers
(Rousselot et al., 1995), a phenotype consistent with that re-
ported for type C precursor cells (Doetsch et al., 1997, 2002).
However, we also detected occasional p75NTR-high cells that co-
expressedGFAP, some of which extended processes tomake con-
tact with the ventricle, a characteristic associated with the sub-
population of GFAP-positive B cells that are reported to be the
SVZ neural stem cells (Doetsch et al., 1997, 1999). These coex-
pression studies are consistent with our in vitro functional assess-
ment of the p75NTR-expressing population and indicate that
p75NTR is a specific selection marker for neural stem cells and
uncommitted multipotent SVZ progenitors (collectively dis-
cussed hereafter as precursor cells).
Using p75NTR as a marker, we identified an important differ-
ence between precursor activity in the neonate and that in the
adult. Although the p75NTR precursors present at both ages oc-
curred with the same frequency and had the same phenotypic
properties, the neonate contained a second p75NTR-negative
population. Most of the neurospheres generated by p75NTR-
negative cells contained only glia, suggesting that the p75NTR-
negative precursors were highly proliferative but with a reduced
lineage potential. These cells may represent a more restricted
progenitor population related to the astrocytic production that
occurs at this developmental stage (Altman, 1966; Levers et al.,
2001). These astrocytic precursors contribute to the high fre-
quency of proliferative cells present in the P2 SVZ but do not
persist into adulthood, indicating that p75NTR may be useful as a
specific postnatal marker of those neurogenic precursor cells that
persist into adulthood.
Because p75NTR signaling is primarily known to regulate cell
death and survival decisions, we investigated the possibility that
p75NTR was promoting neurogenesis by mediating SVZ cell sur-
Table 1. Neurosphere size is unaffected by p75NTR expression or BDNF treatment
p75NTR-high p75NTR-mid p75NTR-negative
Control 116.7 13.5 128.4 12.1 120.9 10.7
BDNF 139  21.4 136.4 14.8 119.0 10.6
PrimaryP2SVZ cellswere sorted for p75NTR expressionby flowcytometry and cultured in thepresenceor absenceof BDNF for 7d. Theaverageneurosphere size
(diameter; in micrometers) for each culture was then determined (mean SD; n 3 experiments).
Figure4. p75 NTR-positive SVZ cells respondneurogenically toBDNF stimulation. P2SVZ cellswere sorted forp75 NTR expression
by flow cytometry. a, b, After plating in the presence or absence of BDNF and culturing for 7 d, sized-matched neurospheres were
induced to differentiate for 48 h, and the number of neurospheres containing-III-tubulin-positive neurons (a) and the number
of-III-tubulin-positive neurons per neurosphere (b) were quantified for each population. Themajority of neurospheres derived
from p75 NTR-high cells contained neurons compared with less then 20% of neurospheres derived from p75 NTR-negative cells.
Under basal conditions, p75 NTR-high cells also producedmore neurons per neurosphere than p75 NTR-negative cells (ANOVA; p
0.014). c– e, After treatmentwith 0 (c), 30 (d), or 100 (e) ng/ml BDNF, p75 NTR-high cells showedadose-dependent increase in the
number of -III-tubulin-positive neurons (red) per neurosphere, but there was no significant effect on neuron number in the
p75 NTR-negative cultures. f, g, When differentiated and immunostained, p75 NTR-high (f ) and p75 NTR-negative (g) cells sorted
from the P2 SVZ generated neurospheres that were found to contain GFAP- (blue), O4- (green), and-III-tubulin (red)-positive
cells. Scale bars, 20m. *p 0.05; **p 0.01; ***p 0.001; mean SD; n 3 experiments.
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vival.However, the frequency of primary neurospheres generated
from the SVZ of adult p75NTR/ and p75NTR/ mice was
found to be equivalent, as was the number of neurospheres gen-
erated under basal and neurotrophin-treated (p75NTR-
stimulated) conditions, indicating that p75NTRwas not necessary
for precursor survival in vivo. Furthermore, the size of the neu-
rospheres produced from p75NTR/ versus p75NTR/mice or
under basal versus neurotrophin-treated conditions did not dif-
fer for any population analyzed, suggesting that p75NTR was not
promoting the death or survival of neurosphere progeny in vitro.
Thus, themechanismbywhich p75NTR promotes neurogenesis is
unlikely to involve regulating precursor or progenitor survival.
Nevertheless, high levels of p75NTR expression in neuroblasts
have been associated with increased cell death when the neuro-
blasts are prevented from migrating (Gascon et al., 2007), al-
though such cell death has not been shown to be caused by
p75NTR signaling per se.Wepropose that activation of p75NTR on
SVZ precursors favors neuroblast generation, a function consis-
tent with the ability of p75NTR to promote cell cycle progression
and terminal differentiation in other systems (Cattaneo and
McKay, 1990; Seidl et al., 1998; Lachyankar et al., 2003). For
example, neurotrophin-stimulated signaling has been shown to
act through downstream p75NTR-interacting proteins, such as
Schwann cell factor-1, to promote withdrawal from the cell cycle
(Chittka and Chao, 1999; Chittka et al., 2004) and facilitate the
expression of differentiation-promoting genes (Ito et al., 2003).
In postnatal and adult animals, basal and neurotrophin-
stimulated SVZ neuron production was dependent on p75NTR
expression and signaling. However, purified p75NTR-positive
precursors represent not only a highly proliferative but also a
highly neurogenic population. Conversely, SVZ precursors from
mice deficient in p75NTR generate dramatically fewer neurons
than wild-type precursors in vitro. Moreover, we found that
BDNF was capable of stimulating p75NTR-positive precursor
cells, strongly promoting neurogenesis. A single dose of BDNF at
the time of cell plating was sufficient to drive neuronal produc-
tion within neurospheres, whereas the application of BDNF to
mature neurospheres was ineffective, suggesting a direct action of
BDNF through p75NTR expressed by SVZ precursors, to influ-
ence the outcome of cell division. BDNF has previously been
shown to promote neuroblast survival and maturation through
trkB expressed by these cells (Benraiss et al., 2001), which ex-
plains our observation that BDNF altered neuronal morphology
if applied to differentiating neurospheres. However, with regards
to the precursor population, our results indicate that a trk core-
ceptor is not present. NGF stimulated neurogenesis, despite the
complete absence of trkA mRNA in cells from the SVZ, purified
p75NTR-positive cells, and cultured neurospheres. In addition,
trkB was not detected in p75NTR-positive cells by qPCR, indicat-
ing that BDNF acted to increase neuron number via p75NTR
alone. AlthoughNT3was not examined in this study, it is possible
that in vivo the pan-neurotrophin receptor p75NTR on SVZ pre-
cursor cells could be activated by any of the neurotrophin ligands
to promote neuroblast formation.
Our results provide the first in vivo evidence that p75NTR ex-
pression and signaling are important in regulating the normal
level of neurogenesis occurring in the adult SVZ. In the absence of
p75NTR, there was a 25–45% reduction in the number of PSA-
NCAM-positive neuroblasts present in the SVZ and a significant
reduction in olfactory bulb weight, particularly in mature adults.
Because SVZ precursor cells are responsible for adult neurogen-
esis in the olfactory bulb, and neuroblast generation is signifi-
cantly impaired in p75NTR/ mice, the reduction in olfactory
bulb weight is likely to be a direct result of the reduction in
p75NTR-mediated neurogenesis. Thus, this result further sup-
ports the idea that regulation of precursor commitment by
p75NTR signaling in the SVZ is physiologically important for the
ongoing generation of olfactory bulb neurons.
Although it is unclear to what extent physiological neurotro-
Figure 5. p75 NTR activation promotes neurogenesis in vitro and in vivo. a, b, Differentiated
neurospheres derived from both p75 NTR/ (a) and p75 NTR/ (b) clonal cultures contain
-III-tubulin-positive neurons (red), O4-positive oligodendrocytes (green), and GFAP-positive
astrocytes (blue). c,d, Photomicrographs ofwhole-mount preparations fromadult p75 NTR/
(c) and p75 NTR/ (d) mice depict PSA-NCAM staining (black) in the lateral wall of the lateral
ventricle. e, The weight (mg) of individual olfactory bulbs from P2, 7 week, and 10-month-old
p75 NTR/ and p75 NTR/ mice was determined. At all ages, the olfactory bulbs of
p75 NTR/ mice weighed less than those of wild-type animals. *p 0.05; ** p 0.001;
mean SD; n 7, 5, and 8 animals, respectively, per genotype.
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phin levels vary in the SVZ, and therefore how dynamically neu-
rogenesis might be being regulated by p75NTR activation, these
findings provide amechanism to explain the increase in the num-
ber of newly born neurons observed in vivo after exogenous
BDNF treatment (Zigova et al., 1998; Benraiss et al., 2001; Pencea
et al., 2001; Lee et al., 2002; Chmielnicki et al., 2004). Recently, we
have also shown that BDNF has a similar action on progenitor
cells from the adult hippocampus (Bull and Bartlett, 2005). Be-
cause these hippocampal progenitors are incapable of self-
renewal, this suggests that there is either a latent stem cell popu-
lation in this region or that a population of stem cells is
continually repopulating the hippocampus. The BDNF-
responsive p75NTR-positive stem cells that we have characterized
in this study are likely candidates for the latter possibility.
We have identified a persisting population of cells, within the
newborn and adult SVZ stem cell niche, based on the expression
of p75NTR. This marker provides a means of identifying and pu-
rifying an in vivo precursor cell population. It also provides the
first functional link between precursor cells and neurogenesis,
given its necessity for the maintenance of normal neurogenesis
under basal in vivo conditions. We have further demonstrated
that the same population is able to respond to local increases in
BDNF by promoting neuroblast generation, a response that has
been repeatedly associated with increased BDNF in a variety of
environmental and disease states, as well as after antidepressant
therapy (Dechant and Barde, 2002; Lee et al., 2002; Coppell et al.,
2003; Farmer et al., 2004; Garza et al., 2004). Therefore, p75NTR
activation of SVZ neural precursor cells provides an attractive
mechanism by which the neurotrophin ligand BDNF can main-
tain neurogenesis and thus brain function throughout postnatal
life.
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